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Abstract. Molting and limb regeneration are tightly cou- 
pled processes, both of which are regulated by ecdysteroid 
hormone synthesized and secreted by the Y-organs. Regen- 
eration of lost appendages can affect the timing and duration 
of the proecdysial, or premolt, stage of the molt cycle. 
Autotomy of all eight walking legs induces precocious 
molts in various decapod crustacean species. In the land 
crab Gecarcinus lateralis, autotomy of a partially regener- 
ated limb bud before a critical period during proecdysis 
(regeneration index <17) delays molting so that a second- 
ary limb bud (2° LB) forms and the animal molts with a 
complete set of walking legs. It is hypothesized that 2° LBs 
secrete a factor, termed limb autotomy factor—proecdysis 
(LAF ro). that inhibits molting by suppressing the Y-organs 
from secreting ecdysone. Molting was induced by autotomy 
of eight walking legs: autotomy of primary (1°) LBs re- 
duced the level of ecdysteroid hormone in the hemolymph 
73% by one week after limb bud autotomy (LBA). Injection 
of extracts from 2° LBs, but not 1° LBs, inhibited 1° LB 
growth in proecdysial animals, thus having the same effect 
on molting as LBA. The inhibitory activity in 2° LB extracts 
was stable after boiling in water for 15 min, but was 
destroyed by boiling 15 min in 0.1 N acetic acid or incu- 
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bation with proteinase K. These results support the hypoth- 
esis that LAF,ro is a peptide that resembles a molt-inhibiting 
hormone. 


Introduction 


In response to injury, decapod crustaceans autotomize 
walking legs and claws, which are regenerated before the 
next molt (reviewed in Skinner, 1985; Hopkins, 1993, 
2001). Limb regeneration is composed of two phases. The 
basal growth phase, which can occur at any time during the 
molt cycle, involves primarily cell proliferation and differ- 
entiation, and it results in the formation of basal papillae. 
The proecdysial growth phase, which is restricted to the 
proecdysial or premolt period (mostly stage Do). involves 
tissue growth and is under hormonal control (Holland and 
Skinner, 1976; Hopkins, 1993, 2001). In the fiddler crab, 
exposure to the molting hormone 20-hydroxyecdysone 
(20E) is essential for the proecdysial growth phase (Hop- 
kins, 1989). In addition, a limb growth inhibitory factor 
(LGIF) has been shown to inhibit rapid proecdysial growth 
of limb bud in the land crab (Hopkins et al., 1979). Limb 
regeneration is measured by the regeneration index [KR in- 
dex = length of limb regenerate X 100/carapace width 
(Bliss et al., 1966)]; in land crabs, the R index increases 
from 0 to a maximum of 22-24 about one week before 
ecdysis (Skinner and Graham, 1970, 1972; Holland and 
Skinner, 1976). 

Molting in decapod crustaceans is controlled by the A- 
organ/sinus gland complex, which is located within the 
eyestalks and secretes a neuropeptide, molt-inhibiting hor- 
mone (MIH). that inhibits ecdysone production by a pair of 
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Y-organs located in the cephalothorax (reviewed in Skinner. 
1985; Hopkins, 1992: Chang ef al. 1993; Laufer ef al 
1993). Neuropeptides possessing MIH activity have been 
isolated from a number of crustacean species (reviewed in 
Chang er al., 1993; Chang, 2001: De Kleijn and Van Herp, 
1995; Lacombe er al., 1999). MIH acts by inhibiting ste- 
roidogenesis through a high-affinity receptor in the Y-organ 
cell membrane (Webster, 1993) coupled to a second-mes- 
senger cascade involving cAMP and cGMP (SedImeier and 
Renncen, 1993: Saidi ef al. 1994: Spaziani cet al, 1999). 
Molting, therefore, is induced by a reduction in MIH in the 
hemolymph: the Y-organs, which are no longer repressed, 
synthesize and secrete ecdysone. Ecdysone is then hydroxy- 
lated to the active molting hormone, 20E, by 20-monooxy- 
genase activity in peripheral tissues, such as digestive gland, 
testis, epidermis, and muscle (Soumoff and Skinner, 1988). 

Precocious molts can be induced by eyestalk ablation, 
which reduces circulating MIH and results in an immediate 
rise in hemolymph ecdysteroids (reviewed in Skinner, 
1985). Precocious molts are also induced by autotomy from 
five to eight walking legs; adults of the land crab Gecar- 
cinus lateralis molt 6—8 weeks after multiple limb autot- 
omy (MLA) (Skinner and Graham, 1970, 1972; Holland and 
Skinner, 1976; reviewed in Skinner, 1985 and Mykles, 
2001). Autotomy of one or more of the primary (1°) limb 
regenerates (limb bud autotomy, or LBA) before a critical 
period interrupts proecdysis until! secondary (2°) limb buds 
differentiate and grow to the approximate size of those lost 
(Holland and Skinner, 1976). On the basis of these obser- 
vations, Skinner (Skinner, 1985; Skinner et al., 1992) pro- 
posed that limb buds (LBs) produce two factors that control 
proecdysial events. Limb autotomy factor—aneedysis, or 
LAF a produced by I° LBs when at least five legs are 
autotomized, stimulates anecdysial animals to enter proec- 
dysis. Limb autotomy factor—proecdysis, or LAF,,,,. pro- 
duced by 2° LBs in proecdysial animals when at least one 1° 
LB is autotomized, inhibits proecdysial processes. 

The existence of LAF,,,, challenges the central paradigm 
in crustacean endocrinology that all proecdysial processes 
are coordinated by the eyestalk neurosecretory centers. Pro- 
ecdysis 1s ulso suspended by LBA in eyestalk-ligated ani- 
mals (Holland and Skinner, 1976), indicating that the action 
of LAF ro is not mediated by MIH or other factors secreted 
by the X-organ/sinus gland. The mode of action of LAF,,, 
is unknown. As a MIH-hke factor it may act on Y-organs by 
inhibiting the secretion of ecdysone. lt may also act on 
peripheral organs (e.g., epidermis, 1° LB, claw muscle) by 
inhibiting the action of 20E or by inhibiting the conversion 
of ecdysone to 20E by monooxygenase. 

Here we report the initial characterization of a factor from 
2° LBs, the putative LAF,,,. that suspends molting in C. 
lateralis. The effects of LBA on 1° LB growth and hemo- 
lymph hormone levels were determined. The stability of the 
molt inhibitory activity in 2° LB extracts to boiling, acetic 


acid. and proteinase K was also determined. Our results 
suggest that LAF, 1s a MIH-like peptide. 


pro 


Materials and Methods 
Animals 


Adults of the land crab Gecarcinus lateralis were col- 
lected in Bermuda or Puerto Rico and maintained as de- 
scribed (Koenders et al., 2002). All eight walking legs were 
autotomized (multiple limb autotomy, or MLA) to induce 
limb regeneration and molting (Skinner and Graham, 1970, 
1972). The molt stage was monitored by measuring the 
growth of the limb bud at the location of the second walking 
leg on the right side (R2). The regeneration (R) index, which 
is the ratio of the LB length to carapace width expressed as 
a percentage, varies from zero after autotomy to 22-24 by 
late proecdysis (stage D,; Holland and Skinner, 1976). 
Limb regenerates that formed after MLA are referred to as 
1° LBs, whereas those formed after uutotomy of one or 
more l° LBs (limb bud autotomy, or LBA) are designated 
us ADL BS 


Preparation of limb bud extracts 


Seven 1° LBs were autotomized from each animal at R 
index 13-15; the R2 regenerate was left for determining the 
effect of LBA on 1° LB growth. Secondary LBs were 
autotomized at R index 8-10 while growth of the R2 1° LB 
was still inhibited. Limb buds were frozen immediately in 
liquid nitrogen and stored at — 80°C. 

Six or seven LBs from each animal were homogenized in 
2 ml of ice-cold deionized water with a Polytron homoge- 
nizer (Brinkmann Instruments, Westbury, NY) at medium 
speed until the tissue was completely homogenized (about 
30s). The R indices of the 1° LBs were between 13 and 15 
(average wet weight: 38.85 mg/LB) and of the 2° LBs were 
between § and 10 (average wet weight: 7.43 mg/LB). The 
homogenates were centrifuged at 5000 X g at 4+ °C for 15 
min. The supernatant fraction was divided between three 
1.5-ml Eppendorf tubes. lyophilized with a Speed-Vac cen- 
uee wand stored at —20 °C. 

To assess the temperature stability of LAF... lyophilized 
pellets containing three 2° LB equivalents were dissolved in 
200 ul deionized water or 0.1 N acetic acid (pH 2.9), 
incubated in a boiling water bath for 15 min, and centri- 
fuged at 5000 X g tor I5 min. Supernatant fractions were 
lyophilized and stored at —20 °C; they were dissolved in 
120 pl deionized water just before use. To assess the 
stability of LAF,,, to proteolytic digestion, supernatant 
fractions from extracts boiled in deionized water were im- 
cubated with proteinase K (Boehringer Mannheim; 0.5 ug/ 
pl) at 50 °C for 1.5 h, lyophilized, and stored at —20 °C; 
they were dissolved in 120 pl deionized water just before 
use. The rationale for heating the extract before proteinase 
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K treatment was to remove contaminating proteins (LAF o 
was resistant to high temperatures) and therefore increase 
the effectiveness of the enzyme by reducing the amount of 
potential substrates. Secondary LB extracts from the same 
animal without the treatments served as positive controls. 


Bioassay for inhibitory activity 


The bioassay used proecdysial animals with eight 1° LBs 
(R index 13-16) that were growing at a constant rate (about 
one R index unit per day). Each animal received a series of 
three 40-ul injections of LB extract at 2-day intervals 
through the arthrodial membrane at the base of a walking 
leg. Initial experiments examined the effects of extracts 
from 1° or 2° LBs. Lyophilized pellets containing 6-7 LB 
equivalents were dissolved in 120 ul deionized water and 
used for an injection series. For the heat-, acetic acid-, and 
proteinase K-treated 2° LB extracts, three LB equivalents in 
120 ul deionized water were used for an injection series, as 
it was found that one LB equivalent per injection was as 
effective in inhibiting 1° LB growth as two LB equivalents. 
The growth of the R2 1° LB was monitored before, during, 
and after the injection series at 2-day intervals. 


Measurement of ecdysteroid by radioimmunoassay 


Samples (100 ul) of hemolymph were combined with 
300 ul methanol and stored at —20 °C for later analysis. 
Suspensions were centrifuged at 10,000 X g for 3—5 min to 
remove precipitated protein. Supernatant fractions were 
measured for ecdysteroid by radioimmunoassay as de- 
scribed by Chang and O'Connor (1979). Briefly, duplicate 
100-ul samples were lyophilized and dissolved in 100 pl 
*H-ecdysone (8000 cpm/100 ul 0.1 Af sodium borate, pH 
8.4). Ecdysone antiserum (Horn et al., 1976) (100 ul 1:1000 
dilution in 6% normal rabbit serum, 0.002% methiolate, and 
0.1 M sodium borate, pH 8.4) was added to each tube and 
incubated at room temperature for 2-4 h. After incubation, 
antibody was precipitated with 200 jl saturated (100%) 
ammonium sulfate in 0.1 M sodium borate (pH 8.4) and 
centrifuged at 4800 X g at 4 °C for 15 min. The pellets were 
washed with 400 ul 50% saturated ammonium sulfate, 
centrifuged at 4800  g at 4 °C for 15 min, dissolved in 25 
ul deionized water, and mixed with 600 ul CytoScint scin- 
tillation cocktail (ICN Biomedicals, Inc.). Radioactivity was 
quantified with a Beckman LS7000 liquid scintillation 
counter. 


Statistical analysis 


Data are presented as mean + | standard deviation (SD). 
The Student's ¢ test was used to determine the significance 
of the means between control and experimental treatments, 
except for the data presented in Figure 6, in which the 
Wilcoxon matched-pairs signed-ranks test was used. 


R index 
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Days After Multiple Leg Autotomy 


Figure 1. Primary limb bud growth and molting in Gecarcinus late- 
ralis without interruption by limb bud autotomy. Animals were induced to 
autotomize eight walking legs on Day 0 (multiple leg autotomy, or MLA). 
The length of the 1° LB at the second position on the right side (R2) was 
measured every 2 days until molting; R indices were calculated as de- 
scribed in Materials and Methods. Three adult mates (#508, #578, and 
#641) were selected to represent the range of responses to MLA. In most 
cases it took 30-45 days for animals to reach an R index of 15 after MLA 
(#508, #578). tn some cases, this period could be as long as 60 days (#641 ). 
Ecdysis (arrows) occurred at 45 days (#578), 55 days (#508), and 70 days 
(#641) post-MLA. 


Results 
Effects of leg or limb bud autotomy on molting 


Multiple leg autotomy induced precocious molting. The 
1° LB at the second position on the right side (R2) was 
measured every other day after formation of basal papillae 
(R index 4-8). It usually took 30 to 45 days for animals to 
reach an R index of 15; the R index reached a maximum of 
22-24 about 1 week before ecdysis. There was considerable 
individual variation in LB growth. Figure | shows the 
measurements [rom three individuals to represent the range 
of responses observed. Some animals responded quickly, 
with rapid LB growth rates and subsequent ecdysis 5 to 6 
weeks after MLA (Fig. 1. animal #578). Other animals 
responded more slowly and molted about 10 weeks after 
MLA (Fig. 1, animal #641). Other animals had intermediate 
responses (Fig. 1, animal #508). 

As shown previously (Holland and Skinner, 1976), LBA 
before a critical period (R index < 17) suspended LB growth 
and delayed molting. The measurements from one individual 
are shown in Figure 2 and are typical of the response of 
proecdysial crabs to LBA. The R2 1° LB stopped growing 
when the other seven 1° LBs were autotomized. The 2° LB 
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Figure 2. Limb bud autotomy suspends molting. All eight walking 
legs were autotomized from an adult male at Day 0, and the growth of the 
R2 1° LB was measured (@). On Day 50 (R index 15), all but the R2 1° LB 
were autotomized, and the growth of the L2 2° LB was measured (A). LBA 
suspended proecdysis until the 2° LBs differentiated and grew to ahout the 
same size as the R2 1° LB that remained. The animal molted 91 days 
post-MLA (arrow). delaying ecdysis about 4 weeks. 


at the second position on the left side (L2) was used to 
monitor 2° LB growth. Primary LB growth remained inhib- 
ited until the L2 2° LB reached a size similar to that of the 
autotomized 1° LB; subsequently, both 1° and 2° LBs grew 
continuously (Fig. 2). A consequence of LBA was that 
molting was delayed several weeks; for the data from the 
animal shown in Figure 2, molting was delayed about 30 
days. 

Autotomy of 2° LBs prolonged molting even further. In 
the experiment shown in Figure 3. seven 1° LBs were 
autotomized at R index 12.5 twenty-five days after MLA. 
On Day 70, all seven 2° LBs were autotomized; tertiary (3°) 
LBs differentiated and grew. Growth of the 1° LB remained 
inhibited until the L2 3° LB attained the size of the 1° LB. 
It took longer for the 3° LB to grow to a size similar to that 
of the 2° LB that was autotomized at the same location. 


Effects of limb bud autotomy on hemolymph ecdysteroid 


LBA reduced ecdysteroid levels in the hemolymph of 


animals induced to molt by MLA. In a control group in 
which molting was not interrupted by LBA, ecdysieroid 
levels increased continuously during proecdysis (Fig. 4, 
filled circles). In another group of animals, LBs were auto- 
tomized at R index 13-16, and hemolymph was sampled 
either during inhibition or after resumption of 1° LB growth 
(Fig. 4, filled and open triangles, respectively). The average 
ecdysteroid concentration in inhibited animals (130.3 + 
16.2 ng/ml: n = 24) was 45% that of the control animals 
(287.7 = 28.3 ng/ml; n = 30) within the same range of R 
indices (between 14 and 18 in Fig. 4). However, due to the 
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Figure 3. Autotomy of secondary limb buds prolongs proecdysis. 
Eight walking legs were autotomized from an adult male at Day 0, and the 
growth of the R2 1° LB was measured (@). On Day 27 (R index 12.5), 
seven 1° LBs were autotomized. and ihe growth of the L2 2° LB was 
measured (A). On Day 70 all seven of the 2° LBs were autotomized, and 
the growth of the L2 3° LB was measured (@). Growth of the R2 1° LB was 
suspended until the 3° LBs grew to a size similar to that of the t° LB. The 
crab died 145 days post-MLA, before molting. 


large amount of variation between individuals, the means 
were not significantly different. The ecdysteroid levels of 
animals after resumption of 1° LB growth fell within those 
of the control group. 

Since ecdysteroid titers varied between individuals, sam- 
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Figure 4. Effect of limb bud autotomy on hemolymph ecdysteroid 
concentrations during proecdysis. Molting was induced by autotomy of all 
eight walking legs, and 1' LB growth was monitored (R index), Samples 
were taken from three groups of animals: a control group in which 
proecdysis was not interrupted by LBA (@): a group subjected to LBA ul 
R index 13-16 with 2° LBs (R index 8-10) inhibiting 1° LB growth (A); 
and a group subjected to LBA at R index 13-16 with 2° LBs (R index >16) 
no longer inhibiting 1° LB growth (A), In most cases, hemolymph ecdy- 
steroid was lower in animals in which 2° LBs inhibited 1° LB growth. 
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Figure 5. Effect of limb bud autotomy on hemolymph ecdysteroid 
concentrations in two individual crabs during proecdysis. Eight walking 
legs were autotomized, and the growth of the R2 1} LB was measured and 
expressed as R index (@). On Day Q, all but the R2 1° LB were autoto- 
nuzed, and hemolymph samples were taken at various intervals post-LBA. 
The ecdysteroid concentration (X) dropped within one week after LBA and 
remained low until the L2 2° LB approached the size of the contralateral 1 
LB. There was no consistent relahonship between resumption of 1” LB 
growth and ecdysteroid levels. For animal #805 (lower panel), the 1° LB 
resumed growth at Day 29 post-LBA, even though ecdysteroid level did 
not increase until Day 36. For animal #771 (upper panel), hemolymph 
ecdysteroid began to increase at Day I4, but 1° LB growth did not resume 
until Day 19. Arrows indicate when ecdysis occurred. 


ples were taken from the same individuals on the day of 
LBA and the days following LBA. In Figure 5, hemolymph 
ecdysteroid concentrations and 1° LB growth (R index) 
from two animals (#805 and #771) are presented. LBA 
resulted in an immediate cessation of 1° LB growth, and 
ecdysteroid levels decreased about 52% by one week post- 
LBA. Levels remained low until 1° LB growth resumed, 
and the animals eventually molted. However, resumption of 
1° LB growth did not always follow an increase in ecdy- 
steroid concentration, For animal #805 (Fig. 5, upper panel), 
the 1° LB resumed growth by Day 29 post-LBA, even 
though eedysteroid Jevel did not increase until Day 36. For 
animal #771, however, hemolymph ecdysteroid began to 
increase by Day 14, but 1° LB growth did not resume until 


Day 19 (Fig. 5, lower panel). Ecdysteroid reached a maxi- 
mum concentration of more than 1000 ng/ml just before 
ecdysis. Data [rom a group of animals in which hemolymph 
samples were taken on the day of LBA and one week after 
LBA are summarized in Figure 6. The level was reduced 
73% at one week post-LBA: the means are significantly 
different (P < 0.043, using the Wilcoxon matched-pairs 
signed-ranks test). 


Effects of primary and secondary limb bud extracts 
on molting 


Proecdysial animals (R index 13-15) with continuously 
growing 1° LBs were selected for determining the eflects of 
LB extracts on molting. An injection series consisted of 
injections of either 1° or 2° LB extracts (two LB equiva- 
lents/tinjection) at 2-day intervals, for a total of three injec- 
tions per animal. Twelve proecdysial crabs were injected 
with 2° LB extracts; the data from three animals are shown 
in Figure 7 (open symbols) to represent the range of re- 
sponses observed. Secondary LB extracts inhibited the 
growth of 1° LB during the injection series. This effect was 
usually sustained 2-4 days after the last injection before 1° 
LB growth resumed (Fig. 7, animals #124 and #386). In 
contrast, injection of 1° LB extracts had no effect on 1° LB 
growth. The data from one animal (Fig. 7; #331) is repre- 
senialive of the results from ten proecdysial animals that 
were injected with 1° LB extracts. 

To quantily the effects of LB extracts, the 1° LB growth 
rates were determined for the l-week intervals before and 
after the first injection of the series (Fig. 8). Secondary LB 
extracts significantly inhibited 1° LB growth by 68%, from 
1.08 R index/day before injection to 0.35 R index/day dur- 
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Figure 6.. Hemolymph ecdysteroid concentrations before and after 
limb bud autotomy. Eight walking legs were autotomized. and the growth 
of the R? 1° LB was measured. On Day 0, a hemolymph sample was taken, 
followed by autotomy of all 1° LBs except the R2 1° LB, on Day 7, a 
second hemolymph sample was taken. LBA reduced significantly the mean 
ecdysteroid level 73% by one week post-LBA (P < 0.043, a = 5). Error 
Dfirs are = 1 SD. 
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Figure 7. Effects of injection of limb bud extracts on 1 limb bud 


growth. Proecdysial animals (R index 13-15) were injected with extracts of 


either 1° LBs (@) or 2° LBs (open symbols) three times at 2-day intervals 
beginning at Day O (arrow). Each injection contained two LB equivalents 
(see Materials and Methods). The effect of injections was determined by 
monitoring the R index of the R2 t° LB. The injection of 2° LB extracts 
inhibited 1° LB growth (animals #124, #386, and #341), whereas injection 
of 1° LB extract had no effect (#331). 


ing injection (P < 0.005; = 12). The 1° LB growth rates 
of animals injected with 1° LB extracts were the same 
before and during the injection series (P < 0.86; = 10). 
For animals that were allowed to complete proecdysts and 
molt, injection of 2° LB extract delayed ecdysis about 6 
days. The interval between the first injection to ecdysis was 
16 to 18 days for three animals injected with 1° LB extract 
and 22 to 24 days for three animals injected with 2° LB 
extract. 


Characterization of limb autotomy factor—proecdysis 


The reduction in hemolymph ecdysteroid concentration 
after LBA suggested that LAF,,.. like MIH. inhibits ecdy- 
steroid secretion by the Y-organs. Consequently, we deter- 
mined whether LAF ro shared physical and chemical prop- 
erties with MIH. MIH is a neuropeptide that is resistant to 
boiling in deionized water or acids, but is inactivated by 
proteases (Ranga Rao, 1965; Freeman and Costlow, 1979; 
Webster, 1986; Webster and Keller, 1986; Chang er al. 
1990). 

To determine the properties of LAF,,,. 2° LB extracts 
were either boiled in deionized water, boiled in 0.1 N acetic 
acid, or incubated with proteinase K. An injection series 
consisted of three injections at 2-day intervals; each injec- 
tion contained one LB equivalent (because we found that 
one LB equivalent was as effective as two, we used one LB 
equivalent to conserve material). The growth of the R2 1° 
LB was measured for the week before and the week after the 


first injection. The thermal stability of LAF ro was deter- 


mined by heating 2° LB extracts in a boiling water bath for 
15 min. The denatured protein was removed by centrifuga- 
tion, and the supernatant fraction was injected into proec- 
dysial animals. The boiled extract significantly inhibited 1° 
LB growth by 68%, indicating that the factor was heat- 
stable (Fig. 9). In a second set of experiments, the injection 
of extracts boiled in 0.1 N acetic acid had no effect on 1° LB 
growth, while the positive control (2° LB extracts from the 
same ammal boiled 15 min in deionized water) inhibited 
growth (Fig. 9). In a third set of experiments. incubation of 
2° LB extracts with proteinase K also destroyed LAF ru 
activity, as infection of treated extracts did not inhibit 1° LB 
growth (Fig. 9). Positive controls, in which untreated 2° LB 
extracts from the same animals were injected. inhibited 1° 
LB growth (data not shown). 


Discussion 


Since LB growth in decapod crustaceans is restricted to 
the proecdysial stage, limb regeneration must be coordi- 
nated and integrated with other physiological processes For 
an animal to molt successfully. In various decapod species, 
multiple leg antotomy (MLA) acts as a potent inducer of 
precocious molting, probably due to the need to restore 
functional appendages as quickly as possible (Skinner and 
Graham, 1970, 1972: Holland and Skinner, 1976: see Skin- 
ner, 1985, tor additional references). Limb bud autotomy 
(LBA) can delay molting so that animals will molt with a 
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Figure 8. Injection of 2° limb bud extracts inhibits 1° LB growth. 
Proecdysial animals were injected with extracts of either 17 or 2° LBs, and 
the effect of injections was determined by monitoring the R index of the R2 
t° LB. The graph compares the mean 1° LB growth rates the week before 
and the week after the first injection. Secondary LB extract significantly 
inhibited 1° LB growth (P < 0.05: n = 12). Primary LB extract did not 
have any significant effect on 1 LB growth (P < 0.86, n = 10). Error 
bars are = 1 SD. 
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Figure 9. Characterization of LAF,,,, activity in 2° limb bud extracts. 
Extracts ot 2° LBs were first eather boiled in deionized water, boiled in 0.1 
N acetic acid, or incubated with proteinase K; they were injected into 
proecdysial animals (R index 13-15; see Materials and Methods). The 
effects of injections were determined by comparing the mean t° LB growth 
rates during the week betore and the week after the first injection. Each 
injection contained one LB equivalent. Extracts boiled in deionized water 
retained inhibitory activity; growth rate was inhibited 68% (P < 0.05,” = 
10). However, boiling in O.t N acetic acid or incubation with proteinase K 
destroyed the inhibitory activity; growth rates were not significantly dif- 
ferent (P < 0.37, n = 8 for acetic acid and P < 1.78, n = 7 for 
proteinase K). Error bars are = | SD. 


full complement of appendages (Holland and Skinner, 
1976; Weis, 1976; McConaugha, 1991). In Gecarcinus late- 
ralis, Holland and Skinner (1976) showed that autotomy of 
one or more LBs before a critical stage in proecdysis (R 
index < 17) delays ecdysis several weeks so that 2° LBs are 
regenerated before the next molt. LBA causes slowing (au- 
totomy at R index 7—10) or complete cessation (autotomy at 
R index 10-16) of growth of any remaining 1° LBs, as 
measured by R index and DNA synthesis, until 2° LBs 
differentiate and grow to about the same size as the 1° LBs 
that remain (Holland and Skinner, 1976). We obtained 
similar results in this study (Fig. 2). Furthermore, we 
showed that proecdysis is prolonged further by autotomy of 
2° LBs (Fig. 3). Growth of the 3° LBs is slower than that of 
the 2° LBs, which suggests that repetitive regeneration 
places increasing energetic demands on an animal. Such 
demands can limit the number or size of regenerates or 
reduce the size increment at ecdysis (Chittheborough, 1975; 
Kuris and Mager, 1975; McConaugha, 1991). 

The hormone 20E plays a central role in regulating molt- 
ing. Thus, it is not surprising that LBA towers hemolymph 
ecdysteroid levels. The changes in ecdysteroid concentra- 
tion over the molt cycle follow the sume general pattern in 
all decapod species. Beginning at proecdysis, decreased 
secretion of MIH results in derepression of the Y-organs. 


Ecdysteroid levels increase during proecdysis to a maxi- 
mum in stage D,, drop precipitously at stage D}, and remain 
at low levels through metecdysis and anecdysis (reviewed in 
Skinner, 1985). Circulating ecdysteroid drops in response to 
LBA and remains low during basal regeneration: ecdy- 
steroid titers begin to increase during the subsequent growth 
of the 2° LB (Figs. 5, 6; McCarthy and Skinner, 1977). 
Primary LBs removed later in proecdysis (R index > 17) are 
not regenerated, and the animal molts without the full com- 
plement of appendages (Holland and Skinner, 1976). In this 
case hemolymph ecdysteroid levels remain elevated (Fig. 
+). This may result from reduced release of LAF,,,,, from 2° 
LBs. Alternatively, if LAF ro release is sustained at R index 
>17, then elevated ecdysteroid may result from reduced 
sensitivity of Y-organs to LAF ro. This is analogous to the 
reduced sensitivity of Y-organs to MIH during late proec- 
dysis when there is maximal ecdysone production and high 
levels of ecdysteroid in hemolymph (Blais et al., 1994). 

Primary and 2° LBs respond differently to the same 
concentration of ecdysteroid, which suggests that limb re- 
generation is not regulated simply by ecdysteroid levels. It 
probably involves interactions between ecdysteroid and 
peptide factors on tissues that may have different sensitiv- 
ities to these factors. Low ecdysteroid allows formation of 
basal papillae, since injection of exogenous ecdysone inhib- 
its LB differentiation (Hopkins et al., 1979). Higher levels 
are required Jor sustained proecdysial LB growth (Hopkins, 
1989). LBA causes a decline in ecdysteroid. but the levels 
are still higher than those of anecdysial and early proec- 
dysial animals (Figs. 4-6). At these levels following LBA, 
2° LBs differentiate and grow, whereas 1° LBs stop grow- 
ing. This differential sensitivity may be due to a higher 
expression of ecdysteroid receptors in 2° LBs, thus causing 
the 2° LBs to respond as if the ecdysteroid concentration 
were higher. In Uca pugilator, ecdysteroid receptor MRNA 
levels increase in 1° LBs during the proecdysial growth 
phase, but receptor expression was not examined in 2° LBs 
(Chung ef al, 1998). Furthermore. resumption of LB 
growth is not always preceded with increases in hemolymph 
ecdysteroid (Fig. 5), suggesting that other factors are 1n- 
volved. One possible factor is a limb growth-inhibiting 
factor (LGIF), which may be secreted by eyestalk neurose- 
cretory centers to slow LB growth in G. lateralis (Hopkins 
et al., 1979). 

Secondary LBs contain a factor that inhibits proecdysial 
growth of limb buds and delays molting (Figs. 7, 8). We 
believe this factor is LAF ro» the existence of which was 
originally proposed by Skinner (1985). Extracts of 2° LBs 
were injected into proecdysial animals before (R index 
13-15) or near (R index 16-17) the critical period. Previous 
work by Holland and Skinner (1976) suggested that antmals 
near the critical period would be less responsive to the 
extract. As expected, growth of 1° LBs slowed in the 
animals near the critical period (data not shown), but was 
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completely blocked in animals at R index 13-15. Limb bud 
growth resumed 3-5 days after the final injection. Since 
injection of 1° LB extracts did not inhibit LB growth, it is 
unlikely that the cessation of LB growth by 2° LB extracts 
was a consequence of the injection procedure or a general 
toxic reaction. 

Initial characterization of LAF ro indicates that it is a 
novel molt-inhibitory factor. lt is a small peptide, as it is not 
denatured when boiled in deionized water and it is degraded 
by proteinase K (Fig. 9). However, LAF pro is inactivated in 
0.1 N acetic acid, whereas other inhibitory peptides, such as 
MIH and LGIF, are acid-stable (Ranga Rao, 1965; Freeman 
and Costlow, 1979; Hopkins et al., 1979; Webster, 1986; 
Webster and Keller, 1986; Chang er al.. 1990). MIH is a 
neuropeptide of about 8.5 kDa (71—78 amino acid residues, 
depending on species) that inhibits synthesis and secretion 
of ecdysone by the Y-organs (reviewed in Chang et al., 
1993: Chang, 2001; De Kleijn and Van Herp, 1995; La- 
combe et al., 1999). LGIF (M, approximately | kDa) inhib- 
its LB growth in G. lateralis at concentrations that have no 
effect on molting, and thus it appears to be distinct from 
MIH (Hopkins et al., 1979). 

Although LAF,,,, appears to be a small peptide related to 
MIH, its identity remains incomplete until the inhibitory 
factor 1s purified and sequenced. Those efforts are under- 
way. The site of LAF,,,, synthesis is also unknown, but the 
factor may be synthesized in neurons in the thoracic gan- 
glion or nerve roots and transported via axonal processes to 
the 2° LBs. This is supported by the recent discovery of 
crustacean hyperglycemic hormone (CHH)/MIH-immuno- 
reactive neurons in the thoracic second roots in lobster 
(Chang et al., 1999). Cells containing CHH-like peptides 
are also found in the pericardial organ and gastrointestinal 
tract of Carcinus maenas (Chung et al., 1999; Webster et 
al, 2000; Dircksen et al, 2001). In lobster, hemolymph 
levels of CHH/MIH drop 20 days after eyestalk ablation, 
although significant amounts are detected as long as one 
year without eyestalks (Chang et al., 1998). These data 
indicate that extra-eyestalk sites for neuropeptide synthesis 
and secretion are common and are biologically important. 
Perhaps the most compelling evidence for an extra-LB site 
of LAF pro synthesis is that LBA has an immediate inhibition 
on 1° LB growth before any 2° LBs differentiate (Fig. 2: 
Holland and Skinner. 1976). The tissue target (or targets) of 
LAF,,,. also needs to be identified. All the data are consis- 
tent with the view that LAF pro acts directly on the Y-organs 
by inhibiting ecdysone synthesis and secretion. The neuro- 
secretory centers in the eyestalks are not involved, since 
LBA inhibits 1° LB growth and lowers hemolymph ecdy- 
steroid in eyestalk-ablated animals (Holland and Skinner, 
1976: McCarthy and Skinner, 1977). We have begun ex- 
periments to determine whether LAF. blocks ecdysone 
secretion by land crab Y-organs in vitro. Our working 
model is that severing the thoracic nerve by LBA results in 
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LAFpro transport from neurosecretory cells in the central 


nervous system and release of LAFpro into the hemolymph 
at the autotomy plane (reviewed in Mykles, 2001). LAF pro 
suppresses ecdysone secretion by Y-organs, thus inhibiting 
1° LB growth and other proecdysial processes that are 
ecdysteroid-dependent. 
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